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Introduction
The Re-Os isotope system has proven to be a powerful tool for constraining the timing of the formation of subcontinental lithospheric mantle (SCLM). During mantle melting, Re partitions into the melt whereas Os is highly compatible, thus allowing the use of model ages to date melt extraction events (Walker et al., 1989; Pearson et al., 1995) . The high Os contents and very low Re/Os of refractory lithospheric mantle compared to melts, fluids and the continental crust imply that the SCLM Os-isotope compositions should be relatively resistant to modification. Despite the general robustness of the Re-Os system, complex multi-stage metasomatic processes have often modified or erased primary Os-isotope signatures of the SCLM (e.g., Griffin et al., 2004; Luguet et al., 2015) . The principal causes for disturbance include re-introduction of Re and/or radiogenic Os during metasomatism, sulphide mobility, interaction of xenoliths with their basaltic or kimberlitic host magmas and/or disproportional Os and Re loss during weathering (e.g. Handler et al., 1999; Pearson et al., 2004; Reisberg et al., 2004; Simon et al., 2007; Rudnick and Walker, 2009) . In addition to the complexities caused by such disturbances, it is unclear whether the original melt extraction events would have left an isotopically homogeneous residue. For these reasons, convincing whole rock Re-Os isochronous relationships have not been found in peridotite xenolith suites (Aulbach et al., 2016) , with the possible exception of a Proterozoic age recorded by peridotite xenoliths from the North China Craton (Gao et al., 2002) . Nevertheless, Os model ages obtained from individual xenoliths (Walker et al., 1989) have been used extensively to obtain information on the timing of lithospheric melting episodes (e.g. Pearson and Wittig 2014) .
To improve the temporal constraints on the formation and modification of the Kaapvaal SCLM, a suite of peridotite mantle xenoliths from the Venetia kimberlite mine, South Africa, were analysed for Re-Os isotope compositions and platinum-group-element (PGE; including Os, Ir, Ru, Pt and Pd) contents. These samples were previously characterised in van der Meer et al. (2013) and are obtained from relatively deep mining levels and drilled core. They therefore have suffered less from near-surface weathering than the Venetian peridotites analysed by Stiefenhofer et al. (1999) and Carlson et al. (1999) . The 533 ± 4 Ma Venetia kimberlite cluster (RbSr isochron age; Allsop et al., 1995) is one of the oldest in the region and hosts refractory peridotite xenoliths that record up to 50 % melt depletion and represent a virtually complete section of the SCLM from 55 km to >170 km depth (Carlson et al., 1999; Stiefenhofer et al., 1999; Hin et al., 2009; van der Meer et al., 2013) . As a result of the Cambrian kimberlite emplacement age, Venetia mantle xenoliths record the state of the SCLM prior to disturbance of the Re-Os isotope system and PGE systematics by pervasive metasomatic events imprinted in the lithospheric mantle throughout the region during the Mesozoic (e.g., Pearson et al., 1995; Carlson et al., 1999; Simon et al., 2007) . Hence, these xenoliths have the potential to yield more reliable Re-Os age information than other Kaapvaal kimberlite-hosted peridotite suites.
We find that a subset of the studied samples, spanning nearly the entire depth range, displays coherent Re-Os systematics that show an approximately isochronous relationship. An important observation is that although Re contents are lower than those of fertile mantle (e.g. Becker et al., 2006; Aulbach et al., 2016) , the Venetia xenoliths record time-integrated Re/Os values that are in excess of that expected for residues of >40 % melt depletion. This contradicts the generally accepted view that Re contents of highly depleted Archaean SCLM can be regarded as negligible prior to kimberlite emplacement (e.g., Pearson and Wittig, 2008; Rudnick and Walker, 2009; Pearson and Wittig, 2014; Aulbach et al., 2016) and has important implications for the accuracy of Re-depletion model ages (T RD ; Walker et al., 1989; Pearson et al., 1995) .
Geological setting and petrography of the Venetia peridotite suite
The ~533 Ma Venetia kimberlite cluster (Allsopp et al., 1995) is situated in the Central Zone of the Limpopo Mobile Belt (LMB) in southern Africa (Fig. 1) , and is underlain by thick SCLM (~220 km) as indicated by mantle tomography (James et al., 2001) . Stabilisation of the crust of the LMB Central Zone occurred at 3.35-3.27 Ga. In contrast, amalgamation of the Kaapvaal and Zimbabwe Cratons to form the nucleus of the Kalahari Craton was achieved at 2.7-2.6 Ga (e.g., Millonig et al., 2008; Zeh et al., 2010; Khoza et al., 2013; Xie et al., 2017) . The LMB Central Zone is believed to represent a separate micro-continent that was sandwiched between the Kaapvaal and Zimbabwe Cratons during their collision at 2.6-2.7 Ga, or accreted to either craton prior to that. Van der Meer et al. (2013) argued that refractory harzburgites and clinopyroxene-poor lherzolites from the SCLM beneath the Central Zone are indistinguishable from those of the Si-rich Kaapvaal Craton in terms of major elements, thus lending support to a prolonged joined history. In this scenario, the Central Zone could be viewed as one of the Kaapvaal terranes such as the adjacent Pietersberg Terrane, which is similar in size and orientation (Fig 1.) , with the distinction that deeper crustal levels are exposed in the LMB. Previous studies of the Venetia xenolith suite by Stiefenhofer et al. (1999) , Hin et al. (2009) and van der Meer et al. (2013) report ranges in olivine Mg# (molar Mg/[Mg+Fe]) of 89 to 94 with an average of 92.7 that corresponds to ~40 % melt depletion (Bernstein et al., 2007) . The low-temperature (<1000 °C) xenolith suite displays Si-enrichment, demonstrated by modal orthopyroxene contents that are too high for the degree of melt depletion (e.g., Boyd, 1989) . Metasomatic enrichment is also recognized in Venetian diamond inclusions (Aulbach et al., 2002; Richardson and Shirey, 2008; Richardson et al., 2009) . In these aspects, the Venetia suite is indistinguishable from typical Kaapvaal SCLM (van der Meer et al., 2013) . The main difference is that the Venetia xenolith suite lacks the intense modal and cryptic melt metasomatism recognized in the majority of Kaapvaal SCLM samples that are hosted in younger kimberlites. Melt metasomatism in Kaapvaal peridotites is commonly attributed to metasomatism related to kimberlite magmatism from 120 to 90 Ma, and the eruption of the Karoo flood basalts at ~180 Ma (e.g., Grégoire et al., 2003; Simon et al., 2003 Simon et al., , 2007 Kobussen et al., 2009; Giuliani et al., 2014) . Critically, emplacement of the Venetia kimberlite predates these events. Silicate Fe-Ti-rich melt-related metasomatism is only recognized in Venetian high-temperature lherzolites that are derived from the lower parts of the Venetia SCLM (Barton and Gerya, 2003; Hin et al., 2009; van der Meer et al., 2013) .
Peridotite xenoliths hosted in the Venetia kimberlite were divided into three groups by van der Meer et al. (2013) . The low-temperature, equant coarse crystalline lherzolites (Low-T lherzolites) are derived from 50-130 km depth and contain an equilibrium mineral assemblage of olivine, orthopyroxene, clinopyroxene ± garnet ± spinel. The latter three phases occur as lobate, irregular intergrowths in association with orthopyroxene.
Geochemical and petrographic evidence indicates that garnet and clinopyroxene formed through exsolution from aluminous high-temperature orthopyroxene and were not directly introduced by melt metasomatism (Hin et al., 2009; van der Meer et al., 2013) . Prior to exsolution, the Low-T lherzolites were clinopyroxene-free harzburgites, in accordance with the high degrees of melt depletion suggested by their major element chemistry (van der Meer et al., 2013) . The high-temperature (>1000 °C) xenolith suite comprises equant coarse harzburgites (High-T harzburgites) that are transitional to porphyroclastic lherzolites (High-T lherzolites). Both High-T groups derive from 130 km to 235 km depth and appear to be intermixed in the lower SCLM. Modal olivine contents increase from the Low-T lherzolites to the High-T lherzolites; the High-T harzburgites are intermediate between the two. The High-T harzburgites contain no primary clinopyroxene or spinel and garnet forms rounded grains ranging in size from 4 mm to 10 mm, which contrasts with smaller, lobate garnet in the Low-T lherzolites. In the High-T lherzolites, coarse (up to 1 cm) round garnet, smaller orthopyroxene and clinopyroxene crystals are set in a fine-grained olivine matrix. Olivine Mg# is significantly lower in the High-T lherzolites (average 91.5) than in the other two groups and, in combination with higher whole rock TiO 2 contents, suggests metasomatism by 1-5 % of the host kimberlite or a related magma prior to eruption (Hin et al., 2009; van der Meer et al., 2013) . Interaction of the High-T suite with asthenosphere-derived melts is consistent with an inflection of the geothermal gradient, driving the samples off the cratonic "steady-state geotherm" (based on Low-T peridotites and non-touching diamond inclusion pairs; van der Meer et al., 2013) to temperatures that are elevated by >200 °C. Based on this evidence, infiltration of (proto)kimberlitic melts is considered to have caused localised heating of the lower lithosphere and metasomatism of the High-T lherzolites, but left very few metasomatic effects on the Low-T suite and most High-T harzburgites (van der Meer et al., 2013) . In addition to the peridotites, rare pyroxenites, ranging from garnet-clinopyroxenites to olivine websterites, and a single eclogite have also been reported in Venetia (Stiefenhofer et al., 1999; Hin et al., 2009; van der Meer et al., 2013) .
Analytical techniques
Rhenium-osmium analyses of 25 Venetia mantle xenolith samples were carried out at CRPG-CNRS in Nancy, France. Detailed petrographic descriptions, whole rock and mineral major element data for the studied samples are given in van der Meer et al. (2013) . For Re-Os isotope analysis, 1 gram of whole rock powder spiked with 185 Re and 190 Os was digested in 6.5 ml reverse aqua regia in a high-pressure asher (Anton Paar HPA-S; Reisberg and Meisel, 2002) . Osmium was separated from the matrix by bromine liquid-liquid extraction and subsequently purified through micro-distillation (Birck et al., 1997) . The osmium fractions were loaded onto Pt filaments together with a Ba(OH) 2 activator and measured as OsO 3 -by N-TIMS (Creaser et al., 1991; Völkening et al., 1991) Re mixed spike was added to the powders prior to digestion in inverse-aqua regia at high-pressure and high-temperature (~300°C, 18 hours) in quartz vessels enclosed in a high pressure asher. Sample processing followed the protocols detailed by Dale et al. (2012) and Ishikawa et al. (2014) . To ensure efficient extraction of PGEs, particularly Re and Ru, a desilicification treatment was applied to the residual solids after aqua regia digestion.
Chemical separation employed an anion exchange chromatography routine modified after Pearson and Woodland (2000) . Abundances of PGE (Ir, Ru, Pt and Pd) and Re were determined by inductively-coupled plasma mass spectrometry using a ThermoFinnigan Element 2 at the University of Durham in the Durham Geochemistry Centre. Standard (Hf, Zr, Y, and Mo) solutions (all 1 ppb) were analysed at the start, middle and end of each session to quantify the degree of mass fractionation and the production rates of positively charged
Hf, Zr, Y, and Mo-oxides (all <0.8%), which have equivalent masses to isotopes of Ir, Pt, and Pd. Os isotope were measurement by N-TIMS using similar operational procedures to those in Nancy, but using a ThermoFinnigan
Triton at the Durham Geochemistry Centre. All Os-isotope beams and mass 233, corresponding to
185
ReO 3 − but also other molecular interferences, were measured sequentially using an axial secondary electron multiplier.
Each isotope mass was centred at the start of the analysis. Eighty ratios were collected during each set of analyses made via peak hopping and integration times ranged between 1.05 and 8.39 seconds depending on the beam intensity. All raw Os-isotope data were exported and re-processed offline to apply an O-isotope interference correction, followed by an iterative mass fractionation correction and correction for the spike (Smoliar et al., 1996) . Rhenium-depletion ages (T RD ) and 187 
Results
The Re-Os dataset for the Venetia xenolith suite, including seven samples previously reported by Carlson et al. (1999) , is listed in (Fig. 2a) . Osmium contents vary from 11.3 ppb in a High-T lherzolite down to ~100 ppt in a High-T harzburgite, with the majority of the samples having between 2 and 5 ppb Os. The median Os abundance is 3.8 ppb, within the range of concentrations typically observed in kimberlite-hosted peridotites (Maier et al., 2012) , similar to the PUM (3.9 ppb; Becker et al., 2006) and ACM (3.4 ppb; Aulbach et al., 2016) values. Peridotite samples yield 187 Os/ 188 Os from 0.106 to 0.124 ( Fig. 3) and T RD ages predominantly > 2.5 Ga, thus confirming the conclusion by Carlson et al. (1999) Os isochron diagram (Fig. 3) , the group I samples cluster tightly around the mean T MA 3.28 Ga reference line that passes through chondritic mantle (Walker et al., 2002) . A regression of these samples yields an identical age to the mean T MA age but has a large uncertainty due to the limited spread in 187 Re/ Os, the group II samples yield spurious T MA ages that are older than the age of the Earth, whereas T RD ages are indistinguishable from those of the group I samples at ~2.6 Ga ( Os EA and the fact that these Os-poor xenoliths are especially vulnerable to overprinting. First, they have retained their Archaean depletion signature without modification for nearly 3 Gyr until entrainment in the kimberlite; and second, kimberlite contamination did not introduce significant radiogenic Os to the xenoliths. Basalt-hosted xenolith suites commonly have variable and lower Os contents than xenoliths entrained by kimberlites. This has been attributed to supergene weathering (e.g., Handler et al., 1999) or sulphide breakdown in response to interaction with S-undersaturated melts (Rudnick and Walker, 2009 Os/ 188 Os EA of these two samples are the result of late stage alteration. We therefore interpret the samples as having experienced a protracted, Re-free evolution at low Os concentrations.
Whereas the group III samples are characterised by low Os contents, group IV samples are distinguished by negligible Re contents (<25 ppt) coupled with 2.7 -6.2 ppb Os. Group IV comprises two Low-T lherzolites, one High-T harzburgite and one High-T lherzolite (Table 1) . As a result of the low Re contents, T RD and T MA ages are identical but show considerable scatter, from 2.7 to 1.3 Ga. It appears that these group IV xenoliths have suffered major Re loss probably due to weathering and sulphide breakdown. Indeed, three out of four samples in group IV are from the Carlson et al. (1999) study that only had access to highly weathered xenoliths from the hypabyssal part of the kimberlite diatreme (Stiefenhofer et al., 1999) , whereas our new samples are derived from deeper mining levels and drill cores.
Group V samples have even more disturbed Re-Os systematics. This group exclusively contains High-T lherzolite samples with low olivine Mg# (<91.6; this is the first reported whole rock mantle xenolith Re-Os near-isochronous relationship yielding an Archaean age. Interaction with melts or fluids a significant time after t 0 will generally lead to disturbance of any isochronous relationship. The group II and III samples provide an example of such disturbance as they have been displaced toward higher Re/Os probably due to the infiltration of (proto-) kimberlite melts. The preservation of a nearly isochronous Archaean Re-Os relationship among the group I samples implies that these samples have effectively remained a closed system for Re-Os for >3 Gyr, despite evidence of metasomatic overprints (e.g., Hin et al., 2009; van der Meer et al., 2013) . The Re-Os systematics of the Venetia samples can thus be used to place tight constraints on the timing of lithosphere formation as will be discussed in section 5.3.
Correlation with crustal events
The 3.28 Ga mean T MA age for the Venetia xenolith suite overlaps with the oldest tectonomagmatic event in the LMB Central Zone (supplementary Fig. S2 ), suggesting that the formation of the local SCLM and crust were coupled (e.g. Pearson, 1999; Griffin et al., 2004) . Although detrital zircon grains found in quartzites of uncertain provenance yield ages up to 3.9 Ga , the oldest magmatic zircon dates range from 3.35 to 3.27
Ga (Zeh et al., 2010 ; also see supplementary Fig. S2 ), which is considered to be the age of the stabilisation of the LMB Central Zone (e.g., Millonig et al., 2008; Zeh et al., 2010; Kramers and Mouri, 2011; Rigby et al., 2011) .
The Paleoarchaean rocks in the Central Zone comprise the 3.31 to 3.26 Ga Sand River Gneisses (Kröner et al., 1999; Zeh et al., 2007; Zeh et al., 2010) and the 3.34 to 3.29 Ga Messina Layered Suite (Mouri et al., 2009; Zeh et al., 2010) , implying two episodes of melt extraction from the mantle. A tholeiitic amphibolite from the Venetia mine area, dated at 3.31 Ga, is likely associated with the Messina Layered Suite (Chudy et al., 2008) .
The tonalite-trondhjemite-granodiorite (TTG) Sand River Gneisses host magmatic zircon with slightly negative εHf (i) values, suggesting these rocks formed through reworking of older, possibly Hadean mafic protocrust in combination with juvenile magmatism Zeh et al., 2010) . In contrast, positive zircon εHf (i) values in the tholeiitic Messina Layered Suite appear to represent a major juvenile contribution to the LMB crust (Zeh et al., 2010) . Further support for a major pulse of mantle melting at 3.3 Ga is provided by the interpretation of ultramafic rocks potentially associated with the Messina Layered Suite as komatiites (Mouri et al., 2013) . As such, the Messina Layered Suite might be derived from magmas formed during the initial melt extraction event that produced the depleted lithospheric mantle represented by the refractory Venetia xenoliths. This conclusion is valid regardless of the choice of the model reservoir (chondritic, ACM or PUM) for the Re-Os model ages.
Melt depletion and refertilisation of the Venetia SCLM
The recognition that a subset of the Venetia xenolith samples has retained coherent Re-Os systematics without modification for over 3 Gyr provides a unique opportunity to investigate the evolution of the Venetia SCLM prior to 533 Ma. In the subsequent discussion, we use the least perturbed group I, II and III samples to address the behaviour of Re and Os during melting and the timing of Si-enrichment from an Os-isotope perspective.
Distribution of Re and Os in the Venetia xenoliths
In order to include the group II samples in the discussion of the petrogenesis of the Venetia xenoliths, we introduce the concept of kimberlite-corrected Re contents for these samples. Os at Re=0), demonstrating that this trend does not result from the substantial corrections made to the group II samples. The non-zero intercept suggests that the range in Re-Os contents is unlikely to be the result of a nugget effect caused by heterogeneous distribution of a single PGE-bearing phase. Furthermore, Os/Ir PUM is invariant at 1.0 ± 0.2 (Fig. 4) and does not correlate with Os content, which strongly argues against Os-loss as a result of oxidative weathering or reaction with the host melt as commonly seen in basalt-hosted peridotites (e.g., Handler et al., 1999; Pearson et al., 2004) . Any potential late-stage Os-loss has to be proportional to Reloss to preserve the isochronous relationship of the group I samples, and is therefore considered insignificant. high Re/Os, suggesting that these samples underwent mild melt metasomatism . This is consistent with the presence of Cu-rich sulphides hosting Pd-Pt-rich microphases in group I sample ATC 747 (see supplementary information). Assuming that these sulphides also host Re, the fact that this sample falls on the isochron constrains Re (and thus Pd) enrichment to within 10's of Myr of melt depletion. In the case of group II sample ATC 725, Pd might have been added together with Re during (proto-) kimberlitic magmatism.
Mobilisation of Re and Os during melt extraction
The strong correlation of 187 Os with Al 2 O 3 due to similar bulk compatibility to Re (e.g., Reisberg and Lorand 1995; Pearson et al., 2004; Aulbach et al., 2016) . For the Venetia data, a correlation is absent in the case of Al 2 O 3 , which is considered to result from the introduction of aluminous orthopyroxene and hence disruption of whole rock Al 2 O 3 contents (e.g., Pearson and Wittig, 2008; Aulbach, 2012; van der Meer et al., 2013 Os EA , thus seemingly lending support for melt depletion as the primary cause of the observed variation in Re/Os in the group I samples (Fig. 6) .
A more detailed evaluation, however, suggests that a simple single-stage melt depletion history fails to account for multiple aspects of the Re-Os systematics of the Venetia xenolith suite. Importantly, concentrations of incompatible Re and compatible Os correlate positively (Fig 2a and Fig. 5b ) and Re-contents are too high to reflect residua of up to 50 % melting as implied by olivine Mg# of up to 93.6. The commonly accepted view is that Re partitions almost completely into the melt phase once sulphide is exhausted at ~25 % melting and that the unradiogenic 187 Os/
188
Os of many cratonic xenoliths implies that any observed Re has been added recently (e.g., Pearson et al., 1995 Pearson et al., , 2004 . In the case of Venetia group I samples, the preservation of the approximately isochronous relationship indicates that higher Re/Os has persisted since the Archaean and that Re was either not quantitatively lost during melting, or has been re-introduced to the refractory residue during or shortly following melt depletion. Second, the mean Os content of the Venetia group I and II xenoliths (3.8 ppb) is comparable to the average value of cratonic kimberlite-borne xenoliths (3.4 ppb) and modelled residua of ~40 % melt depletion (Aulbach et al., 2016) . Individual Os contents, however, vary from 0.1 to 6.5 ppb and do not show a correlation with degree of depletion, although the variation in Os concentration increases with higher olivine Mg# ( Fig. 6 ; Gao et al., 2002) . Auto-refertilisation, a process by which Re is precipitated from the melt back into the mantle residue after a short distance of melt migration during dynamic melting (Rudnick & Walker 2009 ) may explain the retention of some Re at higher degrees of melt depletion. Rhenium-retention also appears possible at low pressure and oxygen fugacity (ΔFMQ-2) in the models of Aulbach et al. (2016) , wherein a part of the melt is retained in the residue. A problem is that these models offer no explanation for positively correlating Re and Os concentrations and can therefore not be the only cause for the observed Re budget.
If our conclusion that the PGE budget of the Venetia xenoliths is controlled by the relative abundance of PGE-bearing components is correct, the correlation between Re and Os content reflects the relative proportion in which the two phases are present in a sample, and as such a "mixing line" between the two components ( Fig.   5b ). On this basis, the observed Re-Os systematics require at least two distinct mechanisms that governed the PGE budget during SCLM formation: i) initial melt depletion (melt depletion curve in Fig. 5c ), resulting in covariation of Re/Os with degree of depletion; and ii) local redistribution of the PGE budget between phases A and B. After >25 % melt depletion, IPGE-rich sulphides and PGM are the expected host for PGE and Re (e.g., Lorand and Luguet, 2016) . Interaction with percolating melts can transform these residual phases back to base metal sulphides and lead to mobilisation of Os and Re, leaving behind a relatively Os-poor sulphide or PGM assemblage (e.g., Alard et al., 2002; Lorand et al., 2013; Wainwright et al., 2015; Aulbach et al., 2016; Kochergina et al., 2016) have been remobilised during a second, unrelated event shortly after initial melt extraction. This introduces the problem that we find no evidence for the introduction of radiogenic Os from a recycled source at ~3.28 Ga, a point that is discussed below.
Os isotopes and Si-enrichment
From petrographic and geochemical evidence, it appears that the Venetia mantle xenoliths do not represent residua of a single melt extraction episode but have witnessed extensive Si-enrichment (Hin et al., 2009; van der Meer et al., 2013) and melt metasomatism in the case of High-T lherzolites. Silicon-enrichment translates to modal orthopyroxene contents in excess of those expected for refractory residua (e.g., Walter, 1998; van der Meer et al., 2013) . Venetia shares this Si-rich nature with the majority of Kaapvaal SCLM samples (e.g., Boyd, 1989) , for which a wide range of models have been proposed. Most support is found for a metasomatic origin with Si addition either by intraplate melts (e.g., Koornneef et al., 2009) , through interaction with Si-rich fluids or melts in a subduction zone (e.g., Kesson and Ringwood, 1989; Kelemen et al., 1998; Bell et al., 2005; Simon et al., 2007) or eclogite melting in a plume (e.g., Aulbach et al., 2011) . Although the debate on the origin of high modal orthopyroxene is ongoing, Si-enrichment in cratonic xenoliths is typically associated with the introduction of radiogenic Os from a recycled component (Simon et al., 2007; Aulbach et al., 2009; Smit et al., 2014 Os from the same mine (Richardson et al., 2001 Os. This scenario requires that a limited amount of time elapsed between initial melt depletion and Si-enrichment (<100 Myr). Geological evidence supports rapid formation and stabilisation of the LMB Central Zone lithosphere associated with multiple mantle melting events. We propose a scenario in which the ~3.35 Ga tholeiitic Messina Layered suite is complementary to the depleted Venetia SCLM. We further suggest that TTG magmatism at 3.28 Ga was associated with Si-enrichment of the SCLM. Eclogite melting is proposed as the main mode of formation of TTG suites (e.g., Foley et al., 2002; Rollinson, 2010) Os. Hence, our proposed "rapid recycling" model can account for the lack of radiogenic Os addition accompanying Si-enrichment of the Venetia xenoliths.
In contrast, amalgamation, and likely Si-enrichment, of the Kaapvaal Craton (Kimberley) at 2.9 Ga postdates the main mantle melting episode by 300 -400 Myr (Richardson et al., 2001; Shirey et al., 2002; Simon et al., 2007) .
The time gap is even larger in the central Slave Craton (Aulbach et al., 2009; Aulbach et al., 2011) , leaving sufficient time for highly radiogenic Os compositions to develop in the mafic crust that was recycled, ultimately sourcing melt/fluids that metasomatised the SCLM. These significant time gaps between initial melting and orthopyroxene metasomatism allow the introduction of radiogenic Os, which offers a possible explanation as to why Re-Os isochronous relationships are not preserved in Kimberley and Slave Craton peridotite suites.
The evolution of the Venetia SCLM
The geodynamical setting of melt extraction and mode of recycling of the Messina Layered suite cannot be tightly constrained by the Re-Os data alone and hence a detailed examination falls outside the scope of this study. Nevertheless, the preceding discussion allows some inferences to be made on the evolution of the Limpopo SCLM. In order to stimulate further research, we will present a geodynamical model based on the ReOs systematics whilst acknowledging that more data are required to substantiate the model.
A primary observation is that samples with the lowest olivine Mg# (<92.3) and lowest modal orthopyroxene contents best approximate a ~30% melt depleted residue in terms of their Re and Os contents and Mg# (Figures 5c and 7b ). The lack of correlation of orthopyroxene content with Re, Os, and Os-isotope compositions suggests that Re-Os mobilisation was not directly related to silicate mineralogy. It is striking, however, that the samples with olivine Mg# less than ~92.5 show a significantly smaller variation in Os contents than samples with olivine Mg# >92.5. On this basis, we propose a two-stage model that is illustrated in Fig. 8 . The model comprises an initial episode of ~30 % melt extraction at 3.35 Ga to produce a harzburgitic residue with olivine Mg# ~92.3 and a ~30 km thick complementary mafic crust (Herzberg and Rudnick, 2012) . If melting occurred at relatively low pressure and reducing conditions in an oceanic ridge setting, Re might not be quantitatively lost to the melt ( Fig. 5c and 7b ; Aulbach et al., 2016) . Additionally, auto-refertilisation during dynamic melting processes might leave higher Re/Os than simple melt extraction (Rudnick and Walker 2009 ).
Melt extraction from newly formed crust 70 Myr later, after transport to depth during accretion (probably in a slab-stacking or subduction-like setting) would result in an additional ~10 to 15 % hydrous melting of the lithospheric mantle, thereby raising olivine Mg# to 93.5 and stabilising aluminous orthopyroxene. Both of these melting events could create a small range of Re/Os, necessary for the development of an isochron. If the eclogite-derived melts of the latter event were (close to being) S saturated, residual sulphides (i.e. component B) might be locally remobilised as immiscible melt droplets but need not necessarily be dissolved in the melt and hence lost from the mantle (e.g., Pearson et al., 2004; Reisberg et al., 2004) . This scenario could explain the correlation between (kimberlite-corrected) Re and Os concentrations in the group I and II Venetia xenoliths.
Part of the lithosphere has apparently not, or only to a minor extent, witnessed the second melt extraction and Si-enrichment event, as indicated by the persistence of the samples with lower olivine Mg# and less disrupted Re-Os systematics. Based on the lack of radiogenic Os addition, we argue that the mode of crustal recycling leading to TTG magmatism and Si-enrichment is inconsistent with eclogite entrainment and melting in an upwelling plume (e.g. Aulbach et al., 2011) . The 70 Myr time gap is insufficient to account for recycling of mafic crust to the lower mantle and back. Instead, rapid recycling was achieved either through an Archean equivalent of subduction (e.g., Pearson and Wittig, 2008) , subcretion of oceanic crust beneath Craton margins (e.g. Bédard, 2017) or foundering of eclogite keels of thick oceanic crust (e.g., Bédard, 2006) . Considering that Os mobility is most easily achieved in a hydrous, oxidising environment (e.g., Brandon et al., 1996; Alard et al., 2002; Aulbach et al., 2016) , we find most support for recycling though an Archean equivalent of subduction or slab stacking but clearly additional data are required to support this interpretation. Stacking or imbrication of lithospheric mantle does, however, explain the lack of correlation between equilibration pressure of the xenoliths and degree of melt depletion, 187 Os/ 188 Os EA and Re and Os contents ( Supplementary Fig. S1 ). Eclogite xenoliths are extremely rare in the Venetia xenolith suite and analyses are lacking, thus leaving no independent means to constrain the timing and nature of lithospheric recycling in the LMB.
Following rapid lithosphere stabilisation between 3.35 and 3.28 Ga, the majority of the Venetia samples have remained a closed system for Re and Os until entrainment in the host kimberlite at 533 Ma, despite evidence for multiple Neoarchaean and Proterozoic tectonomagmatic events (e.g., Zeh et al., 2010) . The collision between the Zimbabwe and Kaapvaal Cratons at ~2.65 Ga (e.g., Zeh et al., 2007; Millonig et al., 2008; Kramers and Mouri, 2011) apparently left no trace in the Re-Os systematics of the peridotite xenoliths. In contrast, if the 2.62 Ga T MA of the highly radiogenic garnet-clinopyroxenite (Figure 2) represents its formation age then it is indistinguishable from the collision age indicating melt migration through the lithosphere at this time. The strong metamorphic overprint at ~2.0 Ga in the LMB crust, roughly coeval with but unrelated to
Bushveld magmatism (e.g., Zeh et al., 2007; Chudy et al., 2008) , is also unrecorded by the Venetia peridotite xenoliths. This age, however, is recorded in eclogitic sulphide diamond inclusions from Venetia (Richardson and Shirey, 2008) , which scatter around a 2.05 Ga Re-Os isochron with an initial 187 Os/ 188 Os that is more radiogenic (~0.25) than Bushveld magmas or any of the Venetia xenoliths (Richardson and Shirey, 2008) . Hence, the eclogitic sulphide inclusions provide evidence for at least localised introduction of radiogenic Os to the deep, diamondiferous keel of the Venetia SCLM. In order to reconcile the lack of a pervasive Os overprint with the evidence for pronounced metasomatic events at ~2 Ga and possibly ~2.6 Ga, we propose that these later melts were spatially limited to metasomes that would have formed along their pathways and did not invade the entire SCLM, leaving in particular the low-T suite unaffected. Phanerozoic metasomatism (after the emplacement of the Venetia kimberlite) related to Karoo flood basalts and regional kimberlites appears to have been more pervasive throughout the SCLM, explaining why samples from younger kimberlites do not display isochronous behaviour. Additionally, sulphide-bearing, relatively fertile peridotites at the base of the lithosphere could effectively scavenge Re and PGEs from melts that infiltrate the SCLM, leaving melts that reach higher levels PGE-bare (e.g., Reisberg et al., 2004) . In this scenario, percolating melts have the potential to affect lithophile elements in the upper SCLM but have negligible influence on the Re-Os systematics. A sulphide-bearing boundary layer at the base of the SCLM could thus form an effective shield against melt metasomatism for the Re-Os system. PGE scavenging is consistent with the generally high Os (up to 11.3 ppb) contents and variably radiogenic 187 Os/ 188 Os (0.106 -0.121) of the High-T lherzolites and some High-T harzburgite samples (groups IV and V), which are interpreted to have equilibrated with melts derived from the convecting mantle (e.g., Lorand et al., 2013; Aulbach et al., 2016) . The preservation of the isochronous relationship in multiple High-T samples (Table 1 and supplementary Fig. S1 ) indicates that the deep SCLM was not uniformly overprinted, but that interaction with silicate melts after ~3.3. Ga SCLM stabilisation appears to have been confined to veins or discrete zones. Furthermore, we find no evidence in the xenolith suite for the presence of eclogitic pods with radiogenic Os compositions proposed by Richardson and Shirey (2008) to exist in the SCLM, with perhaps the exception of pyroxenite formation at ≥2.62 Ga.
Significance of T RD and T MA model ages
Due to the ubiquity of metasomatic overprint on the Re-Os systematics in cratonic xenoliths, isochronous relationships are generally not preserved and T RD and T MA model ages are used to constrain the timing of melt depletion (e.g., Walker et al., 1989; Pearson et al., 1995; Rudnick and Walker, 2009; Pearson and Wittig, 2014) .
Although T RD ages must be interpreted as minimum ages, it is generally assumed that Re has been quantitatively extracted during melting in highly refractory samples. In consequence, T RD ages are commonly correlated with crustal events (e.g., Pearson and Wittig, 2008, 2014) . In this study, we have demonstrated that the Venetia xenoliths are characterised by long-term elevated Re/Os, implying that a significant amount of Re was present since lithosphere stabilisation at ~3.3 Ga despite olivine Mg# indicating >30% melt extraction.
Rhenium was retained during the initial melting event, and/or added during TTG magmatism <70 My later.
Rhenium-depletion ages therefore clearly underestimate the true depletion age of the xenoliths. This is illustrated in Fig. 9 , where 187 Os/
188
Os evolution with time and histograms of both T MA and T RD ages are presented (see also (Fig. 9 ). This study underscores the importance of acquiring a sufficiently large dataset to allow scrutiny of the results in order to extract reliable age information (e.g., Rudnick and Walker, 2009; Pearson and Wittig, 2014; Liu et al., 2016) .
Finally, it is important to stress that there is increasing evidence for significant primary Re contents in highly depleted peridotites. Recent melt depletion modelling by Aulbach et al. (2016) allows for significant residual Re following low pressure melting under reducing conditions, even up to 40 %. Non-zero primary Re is also increasingly recognised in highly depleted off-craton xenolith samples where T RD ages appear to significantly underestimate the actual age of depletion (e.g., Janney et al., 2010; Kochergina et al., 2016) and is inferred by correlation of T RD ages with the degree of PPGE depletion Aulbach et al., 2016) . Although primary Re contents of the Venetia xenoliths are slightly higher than those of average depleted Kaapvaal xenoliths, the Venetia samples are very similar in terms of chemistry, petrology and Re-Os isotope composition and both sample suites record a clear dichotomy between T RD and T MA ages (Pearson and Wittig 2014) . Whole rock T RD ages from Kaapvaal show a well-defined mode at ~2.7 Ga with few T RD ages >3.0 Ga, whereas sulphide T MA ages have maxima at ~3.1 and ~2.7 Ga (Griffin et al., 2004; Pearson and Wittig, 2008, 2014) . This difference was variably interpreted to either reflect metasomatic overprint of the whole rocks that thus yield mixed ages (Griffin et al., 2004) or as lithosphere stabilisation in the Neoarchaean at 2.9 Ga following craton amalgamation (Pearson and Wittig, 2014) . Non-zero primary Re contents in residua provide an alternative explanation for the systematically younger T RD ages. Support for this interpretation is provided by >3.0 Ga T MA ages of the most depleted, lowest Re/Os sulphides (Griffin et al., 2004) and the least radiogenic Kimberley xenoliths (Simon et al., 2007) , as well as 3.3 Ga Sm-Nd model ages for silicate diamond inclusions (Richardson et al., 1984) . Quantitative Re extraction during the formation of Archaean refractory mantle might thus not be as universal as commonly accepted, implying that lithospheric keels are much older than inferred on the basis of peaks in the distribution of T RD ages.
Conclusions
A detailed Re-Os isotope study of mantle xenoliths from the 533 Ma Venetia kimberlite cluster in the Limpopo
Mobile Belt, South Africa establishes that: Stiefenhofer et al. (1999) and Carlson et al. (1999) Walker et al. (2002) . Kimberlite-corrected Re-intercept Re (int) Meisel and Moser, 2004; Puchtel et al., 2004; Palesskii et al., 2009) 
Figure 1. Map of the Kalahari Craton and subdivision between the separate terranes, including the Limpopo
Mobile Belt and its zones, modified from van der Meer et al. (2013 ), after de Wit et al. (1992 Aulbach et al. (2016) ; whole rock Al 2 O 3 data are from Carlson et al. (1999) and van der Meer et al. (2013) . Aulbach et al. (2016) . (Simon et al., 2007 Meer et al. (2013) , Stiefenhofer et al. (1999) and Carlson et al. (1999) Walker et al. (2002) . Kimberlite-corrected Re-intercept Re (int) concentrations for groups I, II and III are calculated at the intercept with the 3.28 Ma "isochron", also see Fig. 5a . Pressure and Temperature are calculated iteratively using the garnet-orthopyroxene P NG85
barometer of Nickel and Green (1985) and the garnet-orthopyroxene T NG09 thermometer after Nimis and Grütter (2010) , clinopyroxene-bearing lithologies were compared to the Taylor (1998) Meisel and Moser, 2004; Puchtel et al., 2004; Palesskii et al., 2009) 
